Growth and respiration were affected when iron became limiting in batch cultures of Escherichia coli growing in succinate medium. Decrease occurred in the efficiency with which succinate was converted to bacterial mass, in the respiratory-control ratio, in the extent of stimulation of respiration by silver ions, and in the levels of non-haem iron, cytochrome bl, and NADH and succinate oxidase activities. On addition of ferric citrate to the iron-limited cultures the above components returned at different rates to the levels found in iron-sufficient bacteria. The efficiency of conversion of succinate to bacterial mass, the respiratory-control ratio, and the concentration of non-haem iron recovered more rapidly than did the level of cytochrome bl and the oxidase activities. It is postulated that non-haem iron is involved in respiratory chain-linked energy production.
INTRODUCTION
Iron limitation during the growth of bacteria results in decreased activities of a number of enzymes and enzyme systems associated with the respiratory chain, for example the NADH-nitrate reductases of Micrococcus denitrijicans (Fewson & Nicholas, I 961 a), Pseudomonas denitriJcans (Radcliffe & Nicholas, I yo), and P. aeruginosa (Fewson & Nicholas, I 96 I b) ; the NADH-cytochrome c reductase of Mycobacterium smegmatis (Fewson & Nicholas, 1961 b) ; the succinate dehydrogenase activities of M. smegmatis and Corynebacterium diphtheriae (Winder & O'Hara, 1964 ; Righelato, I 969) .
In Candida u t i h iron limitation, besides giving lower levels of cytochromes (Ohnishi, Schleyer & Chance, 1969; Clegg & Garland, 1971) , also results in a loss of energy-coupling at site I (Clegg & Garland, 1971) . The loss of energy-coupling was shown in a subcellular system both by a decreased P:O value and, more specifically, by the loss of the energydependent reduction of NAD linked to the oxidation of glycerol-3-phosphate. The latter system does not require the participation of ATP which suggests that iron is involved in energy-coupling at a stage before the formation of ATP. In contrast to the results with C. utilis, oxidative phosphorylation in respiratory particles from Micrococcus denitrificans is not affected by iron deficiency, although the electron paramagnetic resonance signal associated with respiratory chain-linked non-haem iron disappears (Imai, Asano & Sato, 1968) . Thus, it is not clear whether non-haem iron, as well as being a component of the respiratory chain, has a role in energy-coupling in this organism.
The present study with Escherichia coli was undertaken because of the limited and conflicting information available on the role of iron in the respiratory chain, and in energycoupling linked to the respiratory chain, in bacterial systems.
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Cell-free systems from bacteria generally show much lower P:O values than those observed in tightly coupled mitochondria (Gel'man, Lukoyanova & Ostrovskii, 1967) . Moreover, it was only recently that ADP-ATP-mediated respiratory control has been demonstrated in bacterial cell-free systems (John & Hamilton, 1971 ; Jones, Ackrell & Erickson, 1971 ). Thus, cell-free systems were considered to be unsuitable for our studies. However, P : 0 values obtained with intact bacteria also may not accurately reflect the ability of the bacterium to generate energy via the respiratory chain. Energy-utilizing reactions, other than ATP formation, could compete for the respiratory chain-generated high energy states or intermediates (Harold, 1972) . In mitochondria that respiration which can be stimulated by ADP and which results in its conversion to ATP can also be stimulated by uncoupling agents. This has also been shown with respiratory particles of Micrococcus denitrllficans (John & Hamilton, 1971) . The stimulation of respiration by an uncoupling agent is probably due to the dissipation of a high energy state or an intermediate (Harold, 1972) and could be used as an indicator of the presence of the high energy state whether or not this could be converted to ATP. We used this technique to study the effect on energy coupling in intact bacteria of progressive iron limitation such as occurs during growth in an iron-limited batch culture. The recovery process was also examined after addition of iron to the deficient cells. The results, presented in this paper, suggest that limitation of iron in cultures of Escherichia coli may result in the impairment of energy-coupling as well as a reduced synthesis of the iron-containing enzymes of the respiratory chain.
METHODS

Chemicals.
Tris (hydroxymethyl) aminomethane (tris) and ammonium sulphate were of ultra pure grade obtained from Schwarz-Mann, Orangeburg, New York, U.S.A. o-Phenanthroline was obtained from Fisher Scientific Company, Fair Lawn, New Jersey, U.S.A., and 2,4-dibromophenol was supplied by Eastman Organic Chemicals, Rochester, New York, U.S.A. All other chemicals were of reagent grade purity.
Culture of cells and preparation of extracts. Most of the study was on Escherichia coli strain 482 (culture collection of the National Research Council of Canada). Also used were E. coli B (ATCC 11303), and E. coli B-SGI (R. J. Harvey, Burroughs Wellcome Co.), and a mutant of E. coli B, which cannot synthesize glycogen, isolated by J. Preiss (University of California, Davis).
Batch culture was used in these experiments since the effects of very low levels of iron could be studied by allowing the bacteria to deplete the iron in the medium. The electrodes were separated from the bulk of the culture medium because vigorous aeration resulted in unstable measurements. The culture in the electrode vessel could be at a lower oxygen tension than the main vessel. However, as there was a dead space of only 2 ml between the main culture and the electrode chamber, and since the liquid in the chamber was being continually renewed at the rate of once ever 15 s, it is likely that the physical conditions in the electrode vessel would not be greatly different from those in the main culture vessel. To check this point, the circulation of a mid-exponential phase culture between the two vessels was stopped. In 15 s the oxygen tension in the electrode vessel dropped by 5 %.
This would probably be the maximum difference to be expected between the main culture and the electrode vessel.
The bacteria were grown on a minimal salts medium of the following composition: give a final concentration of 50 or 130 ,UM, and the new rate of oxygen uptake measured. In the experiments with AgNO, the concentrations used are given in the appropriate legends.
An approximate measurement of the efficiency with which the bacterial culture converted Na, succinate to bacterial mass was obtained by calculating the increase in absorbancy of the culture at 420 nm relative to the increase in pH due to NaOH produced by utilization of succinate. Since the change in pH was kept small (0.04 to 0.15 unit), it was proportional to the amount of succinate oxidized. ' Efficiency', is defined as the change in the absorbancy of the culture at 420 nm during a time interval (generally 30 min) divided by the change in the pH of the culture during the same time interval.
RESULTS
Growth and oxygen utilization on an iron-limited medium.
The change in concentration of oxygen in the medium which occurred during growth of Escherichia coli in a glucosecontaining medium is shown in Fig. I . During the exponential phases of growth the culture maintained the concentration of oxygen in the medium at close to zero. In contrast (Fig. 2) , bacteria growing in succinate medium maintained the oxygen concentration of the medium
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TllllC ( at about 45 % saturation. The exact value for this 'plateau' level varied between experiments.
To confirm that the concentration of oxygen at the plateau was not an instrumental artifact, aeration of the culture was stopped, the oxygen level fell to zero. A similar result was obtained by gassing the culture with nitrogen or by adding glucose. If the aeration was restarted then the oxygen concentration returned slowly to its former plateau value. The plateau was maintained with little change until all of the succinate had been utilized, at which point the oxygen level returned to saturation. Identical patterns of response were obtained with E. coli B and E. coli B-SGI. The rate of oxygen utilization by the entire culture must have remained constant because during the plateau the bacterial mass increased three-fold. This indicated that the rate of oxygen uptake per unit of bacterial mass declined during the period of the plateau. Thus, respiration must have been limited in the bacteria by the presence of an inadequate amount of iron (Fig. 2) . Addition of 6 pM-ferric citrate to the 'iron-deficient bacteria' resulted, after a lag of 15 min, in a stimulation of the rate of oxygen utilization and the oxygen concentration of the culture fell almost to zero. Replacement of ferric citrate by 6 p~-sodium citrate did not stimulate oxygen utilization. When the cultures were grown under nitrogen-limited conditions, in the presence of 0.1 % instead of 0.3 % (NH4)$04, addition of ferric citrate did not stimulate respiration. Subsequent addition of (NH4),S04 resulted in stimulation of respiration after a 15 min lag. These results suggested that protein synthesis was required for respiration to be stimulated by the addition of iron. This factor is at present being studied.
Growth in glucose medium was exponential when the substrate was not limiting (Fig. I) , but that in succinate medium became linear when the plateau level of oxygen was reached. Addition of ferric citrate to the culture containing succinate resulted in a stimulation of growth (Fig. 2) .
When the culture medium had been initially supplemented with 6 puM-ferric citrate ('iron-sufficient bacteria') a plateau level of oxygen in the medium was obtained but this was close to zero oxygen (Fig. 3) . The fate of increase of bacterial mass (2.83 absorbance unitslh) was faster than with iron-deficient bacteria growing in succinate medium ( I . I 5 absorbance unitslh) and was close to that achieved by iron-deficient bacteria which had been Iron deficiency and energy-coupling 345 subsequently supplemented with ferric citrate (2.95 absorbance units/h). That the plateau level of oxygen was close to, but not actually, zero in the iron-supplemented culture may be because this concentration of oxygen was close to the K, for oxygen of the oxidase in the succinate-oxidase chain (White I 962). Eflect of iron limitation on the respiratory chain. The variation in the concentrations of cytochromes and non-haem iron in iron-deficient cultures with glucose and succinate as sources of carbon, and in iron-sufficient cultures in succinate medium, are shown in the lower portions of Fig. I to 3 . Under iron-deficient conditions, in the presence of either carbon source the concentration of non-haem iron and cytochrome bl per unit of bacterial mass declined during the period of cultivation. The largest change occurred in the concentration of non-haem iron. In some experiments (results not shown) when succinate was the source of carbon, non-haem iron was not detectable in the plateau region. In iron-sufficient cultures growing in succinate medium there was no change in the concentration of cytochrome during exponential growth. Although the level of non-haem iron decreased in iron-sufficient bacteria the percentage decrease was always much less than in iron-deficient bacteria.
The concentration of cytochromes bl and a2 per bacterium increased towards the end of the exponential phase of growth in an iron-sufficient, succinate medium (Fig. 3) . The redox potential of the culture was 230 mV when the concentration of the cytochromes began to increase. Formation of cytochrome a, was complete when the redox potential was 210 mV. Cytochrome bl formation was still occurring when the redox potential of the culture was 180 mV. Wimpenny & Necklen (1971) found that both cytochromes a2 and bl were formed maximally when the redox potential of a culture of Escherichia coli growing on a tryptonesalts-glucose medium was IOO mV.
Addition of 6 pwferric citrate to iron-deficient cultures growing in succinate medium resulted in an increase in the concentrations in the bacteria of both cytochrome bl and non-haem iron (Fig. 2) . Concentration of non-haem iron increased more rapidly than that of the cytochrome. Moreover, the level of non-haem iron had increased sixfold to about one-half of its final value when the stimulation in growth and in respiration commenced.
At this point cytochrome bl had increased by about 12 %; subsequently it increased to within 81 % of the concentration found in iron-sufficient bacteria. The final level of nonhaem iron in supplemented bacteria (690 ng atomslg) was greater than that in iron-sufficient bacteria (535 to 622 ng atomslg). These results suggest that the increase in the concentration of non-haem iron rather than of cytochrome was responsible for the initial stimulation of respiration and of growth.
The variation in the activity of succinate dehydrogenase, NADH and succinate oxidases, and in the level of cytochrome bl, during the course of an experiment identical to that shown in Fig. 2 is shown in Table I . There was an increase in the values of all these parameters following addition of ferric citrate to the culture. Succinate oxidase increased at a significantly faster rate than did the other three activities. Since the concentration of succinate oxidase increased at a faster rate than that of both cytochrome bl and succinate dehydrogenase, it was unlikely that the latter components were rate limiting. Thus, in agreement with the previous results (Fig. 2) , the rate of the succinate oxidase chain was probably limited by a non-haem iron component. Such a component is known to be present in this system in Escherichia coli (Kim & Bragg, 1971 ). However, we cannot eliminate the possibility that iron may influence the synthesis of a component which was not measured.
Eflect of iron limitation on energy-coupling. Fig. 4 shows the effect of iron deficiency on the efficiency with which succinate was converted to bacterial mass. Iron deficiency resulted The experiment was similar to that shown in Fig. 2 . Samples were removed at the intervals indicated, sonicated, and assayed for enzyme activity as described in Methods. Iron deficiency and energy-coupling 347
Oxygen electrode traces of the effect of 2,4-dibromophenol and silver ions on oxygen uptake by intact Escherichia coli. Oxygen uptake was measured at 22 "C in a suspension of bacteria grown in succinate medium. I. The assay system (3'90 ml) contained 100 m-tris-HC1 buffer, pH 7.5. At the indicated times 0.04 ml of bacterial suspension (C), 0.02 ml M-glucose (S) and 0.05 ml 10 m~-2,4-dibromophenol (in methanol) (DBP) were added. 11. The assay system (3.90 ml) contained 95 mM-tris-HC1 buffer, pH 7.5. At the indicated times 0.2 ml of bacterial suspension (C), 0.02 ml M-glucose (S) and 0.01 ml 10 mM-AgNO, (Ag) were added.
in a decreased efficiency of energy conservation. Full efficiency returned after the addition of iron. Hempfling (1970) has shown that respiration of whole bacteria of Escherichia coli, when oxidizing glucose, was stimulated by the addition of 2,4-dibromophenol only when all three sites of oxidative phosphorylation are functional. The ' respiratory-control ratio ' is defined as the rate of respiration in the presence of dibromophenol relative to the rate of respiration in the absence of this compound (Fig. 5) . This ratio decreased to about 1.0 under conditions of progressive iron deficiency in a culture growing on succinate (Fig. 4) . After addition of 6 pM-ferric citrate to the culture there was a threefold increase in the respiratorycontrol ratio. The rate of recoupling (increase in respiratory-control ratio) after addition of ferric citrate was faster than the rate of increase in the activity of the respiratory chain, and more closely followed the kinetics of non-haem iron.
There was an initial stimulatory effect on respiration after the addition of AgNOs to Escherichia coli (Fig. 5) , which was followed by an inhibition. The stimulation by silver ions was greater in bacteria harvested subsequent to iron supplementation than in bacteria harvested from iron-deficient conditions ( Table 2 ). This result is of interest in light of the known reaction of silver ions with sulphydryl groups and of the association of sulphydryl groups with non-haem iron proteins (Palmer & Brintzinger, 1972 
DISCUSSION
There is little evidence available that iron is involved in energy-coupling in bacterial systems. Oxidative phosphorylation has been shown to be uncoupled by chelating agents in Azotobacter vinelandii (Jones, Ackrell & Erickson, I 972), Streptococcus faecalis (Faust & Vandemark, 1970) , Escherichia coli (Kashket & Brodie, 1963) , and Mycobacterium phlei (Kurup & Brodie, 1967) . The data in the present paper support the hypothesis that nonhaem iron is involved in energy-coupling in E. coli.
The greater sensitivity to iron deficiency of the growth and respiration of the culture grown in succinate medium compared with that grown in glucose medium is in accordance with the hypothesis that iron limitation affects the respiratory chain and/or coupled energy production because fermentation would provide sufficient energy during growth in the presence of glucose. Lower levels of cytochrome bl, and succinate and NADH oxidase activities in iron-deficient as compared to iron-supplemented cells indicate that a direct effect on the respiratory chain must have occurred, as has been observed also in iron-deficient Corynebacterium diphtheriae (Righelato, 1969) and Mycobacterium smegmatis (Winder & O'Hara, 1964 ). An effect on respiratory chain-linked energy production, in addition to that caused by lower respiratory chain activity, is suggested by (i) the efficiency of production of bacterial mass, in succinate medium, which decreased during depletion of iron but which was restored on supplementation of the culture with ferric citrate, (ii) the decrease in the respiratory-control ratio during iron deficiency and the rapid recovery after addition of iron. The rate of restoration of the latter property on addition of ferric citrate to the irondeficient bacteria occurred more rapidly than the restoration of full oxidase activity and of cytochrome bl, and was comparable to the rate of increase in the concentration of non-haem iron in the bacteria. These results are compatible with the hypothesis that non-haem iron has a role in energy conservation linked to the respiratory chain of Escherichia coli.
A similar situation to the above has been reported for Candida utilis where iron deficiency gave yeast which lacked oxidative phosphorylation at site I (Clegg & Garland, 1971 ). This yeast also had lower concentrations of cytochromes (Ohnishi, Schleyer & Chance, 1969; Clegg & Garland, 1971) , although the oxidation of NADH was not affected (Clegg & Garland, 1971) . Our experiments do not indicate whether energy-coupling was affected at one or at all sites in iron-limited cells of Escherichia coli. However, there is at present no technique which will permit the measurement of the individual sites of oxidative phosphorylation in E. coli.
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